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Domains written thermomagnetically in TbFeCo thin films are studied with Lorentz
transmission electron microscopy (TEM) and scanning electron microscopy with polarization

analysis (SEMPA). Four different rare-earth/transition-metal compositions Tb, Fe, Co,

x oy

are examined. The domain structures observed with both techniques are similar even though
TEM Lorentz only detects the transverse component of the net magnetic field along the
electron’s trajectory through the sample, while SEMPA detects the surface electron-spin
polarization { magnetization). We find that the magnetic contrast in the SEMPA
measuremients is proportional to the magnetization of the transition-metal (TM) subnetwork
which is antiferromagnetically coupled to the rare-earth (RE) subnetwork. This allows high-
contrast SEMPA images to be acquired even when the system is magnetically compensated

(Ms = 'MRE

— M1y, | = 0). The surface magnetization can be explained by assuming that the

surface of the TbFeCo alloy consists of an outermost thin oxide layer followed by an Fe-rich
subsurface layer. The importance of the demagnetizing field on the switching and domain
nucleation process for thermomagnetically written bits is examined.

I. INTRODUCTION

Direct overwrite magneto-optical (MO) disk technolo-
gy has recently been the target of extensive research.'” One
of the most promising overwriting techniques is magnetic-
field modulation (MFM).** With this method the MO lay-
er is heated with a continuous laser beam while applying a
magnetic field, whose direction is switched at high frequen-
cy. The magnetic field is frequency modulated in accordance
with the information to be stored such that characteristic
crescent-shaped domains with variable length remain in the
magneto-optical film. The size and shape of the domains will
ultimately effect the packing density of the magneto-optical
medium. Any irregularities in the domain shapes or sizes
could introduce noise into the media. In order to understand
the magnetic domain formation in magneto-optical materi-
als, 1t is extremely helpful to obtain clear images of the mag-
netic microstructure.

Thermomagnetically written bits are read optically by
measuring the Kerr rotation or ellipticity of the reflected
polarized light. Kerr microscopy is therefore well suited for
the observation of written bits in MO materials, and observa-
tions can be made without removing any of the passivation
layers.” However, the lateral spatial resolution of this mi-
croscopy is diffraction limited to approximately 0.4 zm at
optical wavelengths.

*" Present address: Center for Photoinduced Charge Transfer, Department
of Chemistry, University of Rochester, Rochester, NY 14627,

"' Present address: Philips Laboratories, 345 Scarborough Road, Briarcliff
Manor, NY 10510.
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Electron microscopy can be used to observe magnetic
microstructure with higher spatial resolution. Lorentz
transmission electron microscopy (TEM) has been used
successfully to obtain high-resolution ( < 100 nm) images of
MO materials with high net magnetizations such as
Tb,,Fe,, or Tby,Fe,."” TEM Lorentz contrast is very
weak, however, for intermediate compositions (23%-27%
Tb), which have compensation temperatures (7,,,) near
room temperature. This is due to the small magnetic fields
which result from the small net magnetization M, for tem-
peratures near T, .. Furthermore, techniques utilizing
transmission electron microscopy require thin films which
must be floated off an initial deposition substrate or prepared
on silicon thin-film windows.*

In scanning electron microscopy with polarization anal-
ysis (SEMPA), a focused beam of high-energy electrons is
rastered point by point across the sample surface. The polar-
ized secondary electrons emitted from the sample surface,
which retain the spin-polarization orientation characteristic
of the local region of the sample being probed, are spin ana-
lyzed.® The lateral spatial resolution of this technique is ulti-
mately limited by the final electron probe size formed by the
long focal length objective in SEM. In our implementation, a
nominal lateral spatial resolution of 70 nm is attainable. The
spin-polarized electrons excited in SEMPA are the result of
the electron cascade which creates electron-hole pairs in the
material. We will show that most of the polarized secondary
electrons in rare-earth/transition-metal alloys originate
from the transition metal. SEMPA, which analyzes all three
spin components of the emitted secondary electrons created
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near the surface, has an estimated probing depth on the or-
der of a few nm.'>"" Due to the surface sensitivity of this
technique an ultrahigh vacuum environment is required,
and any passivation layer must be removed by ion sputtering
prior to analysis. The MO materials examined here have sur-
face segregation regions with properties which are signifi-
cantly different from those in the bulk. SEMPA is thus an
ideal technique to investigate these surface regions.

Thermomagnetically written bits in a TbFeCo alloy
have also been observed by magnetic force microscopy.'?
The magnetic contrast of this technique is achieved as a re-
sult of the magnetostatic interaction between a magnetic tip
and the fringe fields of a magnetic sample. A lateral spatial
resolution in the magnetic image of 25 nm is achieved. This
technique is nondestructive and the passivation layer need
not be removed prior to observation. However, the observed
contrast is a complex convolution of the tip/sample magne-
tostatic interaction and can be difficult to interpret. Since the
signal depends on the magnetic induction as in TEM Lor-
entz, the contrast is also weak when sample temperatures are
near T....

We have used both TEM Lorentz and SEMPA to image
thermomagnetically written bits in MO materials. The abi-
lity to investigate the sample with both techniques is quite
powerful because the two methods for observation of mag-
netic microstructure complement each other. TEM Lorentz
is sensitive to the integrated magnetic structure throughout
the bulk, while SEMPA images the surface magnetic struc-
ture. In addition, the magnitude and direction of the surface
magnetization orientation can be quantitatively analyzed us-
ing SEMPA.. Surface segregation in these MO materials may
be of great importance in understanding the nucleation and
switching of thermomagnetically written domains. The sur-
face regions may also contribute to the intrinsic noise in the
readback process for MO media. We compared data from
different compositions of Tb,Fe,Co, _, _, at different ap-
plied magnetic fields. We are able to show the strong influ-
ence of the demagnetizing field from the neighboring region
which acts on the area between the Curie radius and the
coercive radius.'® This is the region in which nucleation and
domain growth occur during the thermomagnetic writing
process.

II. SAMPLE PREPARATION AND CHARACTERIZATION

A series of four different Tb,Fe,Co, _, _, films were
fabricated. The composition of the four films are summar-
ized in Table 1. The films were nominally 45 nm thick, and
were prepared by three-gun electron-beam evaporation. The

TABLE I. Composition and properties of the MO materials.

T, Teomp
Sample Composition (K) (K)
1 Tby,Fe,, s Cos s 450 >T,
2 Tb,, , Fe,, Co, 461 310
3 Tb,; . Feyr o Couy 473 214
4 Th,, ,Fe;, ,Coqq 473 <0
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films were deposited onto specially prepared silicon wafers
which have a 10-nm-thick Si, N, overlayer. For observation
in TEM Lorentz, the wafers were back etched revealing a
square Si; N, thin-film window. The preparation of such
structures has been described by Jacobs and Verhoeven.”
The MO layer was protected against corrosion and oxidation
by a 10-nm aluminum layer and a 25-nm SiO, overlayer.

The temperature dependence of the coercive field H,
was obtained from Kerr hysteresis curves, and is shown in
Fig. 1. The temperature dependence of the saturation mag-
netization M, was determined from torque measurements,'?
and is shown in Fig. 2. The quality factor Q = K, /27M 2,
where K, is the bulk magnetocrystalline anisotropy, is
greater than 1 at all temperatures for all samples studied.
This indicates that the bulk magnetization of the domains is
perpendicular to the film surface (7 < T, ). No bulk in-plane
magnetization was observed.

The magnetic domains were recorded on the Si wafer
disk using a standard optical recorder. Since there are no
pregrooves on the wafer surface, the recorder was adjusted
for air-incident operation in the “free-running” mode. First,
the whole thin-film window was heated with the laser and
magnetized uniformly in the positive direction. The positive
direction has the film normal pointing out of the page and
towards the viewer in the images to be presented. Different
tracks were then written by accurate mechanical positioning
of the lens. The high-frequency MFM fields were generated
by a specially designed head'® operating at a distance of 0.5
mm above the MO layer surface.

The films were observed first by TEM Lorentz using a
Philips EM 301 electron microscope operated at 100 keV. In
order to avoid the deleterious effects of stray fields, the ob-
jective lens was switched off. The imaging was done using
the diffraction lens only. In materials with perpendicular
anisotropy, it is in principle possible to image the compo-
nents of the field (magnetization) perpendicular to the beam
in the domain walls. However, the wall thicknesses for these
materials are only about 10 nm due to the extremely large
anisotropy. Thus it is extremely difficult to measure the
structure in the domain walls. When the sample is tilted
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FIG. 1. Coercive field H,, as a function of temperature for the four MO
alloys.
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FIG. 2. Saturation magnetization M, as a function of temperature for the
four MO atloys.

there are oppositely oriented components of the net magneti-
zation, perpendicular to the electron beam, on either side of a
domain wall.'® In this way, domain walls are imaged, but
contrast is only obtained on the screen if the image plane is
sufficiently far removed from the specimen (Fresnel con-
trast).

After TEM Loreniz observation, the samples were in-
troduced into the UHV system for SEMPA observation. The
passivation layer on the films was removed by sputtering
with a 2-keV Ar * -ion beam while monitoring the composi-
tion by Auger electron spectroscopy (AES). After this
cleaning process, the samples were observed with SEMPA.
A complete description of the SEMPA apparatus has been
given elsewhere.”'’

iii. DCRMAIN CBSERVATION

Micrographs obtained by TEM Lorentz for the four dif-
ferent sample compositions (1-4) of Table I are shown in
Figs. 3(a)-3(d), respectively. All of the thermomagnetical-
Iy written bits were formed using identical laser power of 6.2
mW (dc). The domains in the vertical columns in Fig. 3
correspond to MFM written bits with different applied
fields. Starting in each figure at the left and moving to the
right, the first column contains three or four marker bits
and, in the successive columns, the field strength used to
write the MFM bits i1s 0, 80, 120, 200, 300, and 400 Qe,
respectively. The image contrast is weakest for samples 2
and 3 in Figs. 3(b) and 3(c¢) due to the low net magnetiza-
tion of these films near room temperature (see Fig. 2). The
domains in sample 1 in Fig. 3(a) show a complex and irregu-
lar shape when compared to the other three samples. This
indicates that the domain formation in this sample may pro-
cede by a different mechanism than in the other samples.
Characteristic crescent-shaped domains are visible in Figs.
3(b)-3(d). Small subdomains (typically 0.1-0.3 gm) are
observed within the MFM written domains for low-field in-
tensity in the Fe-rich films [Figs. 3(¢) and 3(d)]. In Fig.
3(d), the second column from the left (written in zero mag-
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30 um

FIG. 3. TEM Lorentzimages for (a) sample 1 (Tb,Fe,,.Co,.), (b) sam-
ple2 (Tb,, .Fe, ., Co,,), (¢) sample 3 (Tb,, Fe,,,Co,,),and (d) sample
4 (Tb,, ,Fe;, ,Co,., ). Each image has domains written in vertical tracks
where each track utilizes a different applied magnetic switching field. Start-
ing at the left and moving to the right, the first column contains three or four
marker bits and then the switching field intensities are 0, 80, 120, 200, 300,
and 400 Oe.

netic field) is totally demagnetized by this subdomain for-
mation, hence no crescent-shaped domains are formed. A
discussion of domain formation in these MO films will fol-
low later.

SEMPA domain images are shown in Figs. 4(a)~4(1)
for identical samples cut from the same wafer. Each image in
Fig. 4 is 30 um on a side. Each horizontal row in Fig. 4
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consists of SEMPA images from a different sample. The first
horizontal row is from sample 1, the second row from sample
2, and so on. Moving left to right across the figure, the verti-
cal columns contain SEMPA images of the out-of-plane
magnetization component, M, the in-plane magnetization
component, M, and the magnitude of the magnetization,
|M |. In the first two columns, the gray scale indicates the
magnitude of the polarization vector measured along the
specified direction. White (black) indicates a polarization in
the negative (positive) direction. Since the magnetic mo-
ment of the electron is negative for positive spin (u <0),
white (black) indicates a magnetization in the positive (neg-
ative) direction. We conclude below that the secondary elec-
tron spin polarization is dominated by the 3d electrons of the
transition metals Fe and Co and hence the magnetization

4713 J. Appl. Phys., Vol. 68, No. 9, 1 November 1990

Ml

FIG. 4. SEMPA images from the four MO
alloys. Moving left to right, the vertical co-
lumns of images are the out-of-plane (M),
in-plane (M, ), and magnitude ({M {) of the
transition-metal magnetization. The images
are 30 gm across. The horizontal columns
are for sample 1 (30% Tb), sample 2
(27.2% Tb), sample 3 (23.6% Tb), and
sample 4 (21.2% Tb) beginning at the top
and moving down.

that we observe in the image is that of the transition-metal
subnetwork.

When the in-plane and out-of-plane magnetization im-
ages are added in quadrature pixel by pixel, the magnitude of
the magnetization, |M | = V/WTM?, as shown in the
third column of Fig. 4, results. In all of these magnitude
images white indicates high magnetization and black is zero.
The black outline around the written bits is a consequence of
the probe radius being larger than the domain-wall width.
This instrumental artifact results from averaging the magne-
tization across a domain wall, and causes some loss in the
magnitude of the polarization signal at the wall.'” With the
exception of the wall region, the magnitude of the magneti-
zation within a domain should be uniform. However, when
switching is incomplete, numerous small subdomains
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(smaller than the probe radius) are formed, and we expect
the magnitude of the average magnetization within the
probe radius to be diminished. In this way we will use the
magnitude images in Fig. 4 as a measure of how complete the
domain switching was in the overwrite process. For exam-
ple, in Fig. 4(f), the domains written with different field
strengths possess the same magnitude of the magnetization,
and thus the overwrite process completely switched the do-
main orientation.

The magnitude of the magnetic contrast in SEMPA is a
function of the Tb concentration in the MO alloys. Specifi-
cally, as the polarized secondary electrons originate very
near the surface, the magnetic contrast observed in SEMPA
will depend on the chemical composition and stoichiometry
of the near-surface region. The relative magnitude of the
polarization for secondary electrons from these MO alloys is
plotted in Fig. 5 as a function of the bulk Tb concentration.
We emphasize that the near-surface Tb concentration may
differ from that in bulk. We observe that the polarization
(magnetization) signal rises monotonically as the Tb con-
centration decreases in the bulk. Since the polarized second-
ary electrons originate predominately from the transition-
metal subnetwork, as the bulk Fe and Co concentration
increases, so does the magnetic contrast observed with
SEMPA. The magnetic contrast in SEMPA does not depend
specifically on the net magnetization of this ferrimagnetic
system, as it does in TEM Lorentz.

The source of the magnetic contrast in the SEMPA im-
ages can also be understood by examining the out-of-plane
component of the magnetization from sample | in Fig. 4(a).
With a Tb atomic concentration of 30%, there is no tem-
perature at which compensation occurs below the Curie
temperature (see Table I). This means that the net magneti-
zation is dominated by the Tb subnetwork for all tempera-
tures. As described previously, first the whole thin-film win-
dow was heated by the laser and written uniformly such that
the magnetization was directed in the (positive) out-of-
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FIG. 5. Relative polarization measured in SEMPA for the TbFeCo alloys as
a function of the bulk Tb atomic concentration.
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plane direction. Thus, the rare-earth (Tb) subnetwork of the
background magnetization within the square window is ori-
ented along the surface normal and the transition-metal sub-
network (Fe,Co) must be oriented antiparallel to the surface
normal. The SEMPA image of Fig. 4(a) shows that the
background magnetization in the thin-film window is nega-
tive. Since the transition-metal (Fe,Co) subnetwork magne-
tization has its moment oriented antiparallel to the surface
normal, the polarized secondary electrons must originate
predominately from the transition-metal (Fe,Co) sub-
network. This is also consistent with the domain image ob-
served for sample 2 [Fig. 4(d)] which has a compensation
temperature of 310 K. In this case, the Tb subnetwork also
dominates the net magnetization at room temperature.
However, the background magnetization of Fig. 4(d) is in
the positive direction (white), oppositely oriented to that in
Fig. 4(a). This results because the magnetization orienta-
tion of the background, within the square, is determined by

the subnetwork which dominates the magnetization at the
13

writing  temperature T, In sample 2,
Tooeec ~450K > T ... Thus at the writing temperature, the

transition-metal subnetwork is oriented parallel to the ap-
plied field. During the cooling process, the orientation of the
written domain is frozen in due to the high coercivity, inde-
pendent of whether or not the compensation temperature is
above [Fig. 4(d)] or below [Fig. 4(g)] room temperature.
Accordingly, the background magnetization for the transi-
tion-metal subnetwork is also parallel to the applied field at
the observation temperature, and appears as white in the
SEMPA M images. Only at compensation temperatures
above the Curie temperature, as in sample 1, is the Tb sub-
network dominant at the writing temperature [black back-
ground; see Fig. 4(a)].

This is the first observation of a ferrimagnetic system
using SEMPA, and the first demonstration that the polar-
ized secondary-electron cascade, which underlies the mag-
netic contrast in SEMPA, is dominated by the 3d valence
electrons from the transition metals in these alloys.

Now we can analyze the SEMPA images of Fig. 4, and
compare them to the TEM Lorentz images of Fig. 3. The
domain structure, as a function of the applied magnetic field,
is also observed for the individual vertical columns in each of
the 12 images which comprise Fig. 4. No in-plane compo-
nents of the magnetization were found in sample 1 (30%
Tb) as evidenced by the lack of magnetic contrast in Fig.
4(b). Almost crescent-shaped domains are formed only for
large switching fields (H,,, >200 Oe). The domain struc-
ture becomes quite irregular for smaller applied fields. The
domain shapes are duplicated in both the TEM Lorentz and
SEMPA images of sample 1, although the associated edge
irregularities are more pronounced in the TEM Lorentz im-
ages.

The domain images of sample 2 (27.3% Tb) as observed
with SEMPA and TEM Lorentz are also similar. SEMPA
reveals that a much more complicated domain structure is
present at the surface. There is an out-of-plane component of
the magnetization shown in Fig. 4(d) and an in-plane com-
ponent of the magnetization shown in Fig. 4(e). The (sur-
face) magnetization is no longer completely normal to the
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surface. A discussion of this surface in-plane magnetization
layer at lower Tb concentrations will follow in the next sec-
tion. The image of the magnitude of the magnetization of
sample 2 [Fig. 4(f)] indicates that for all switching fields
(H,,, >0) the magnetization maintains a nearly constant
value within the written domains. No subdomains are
formed within the written domains. Notice that without any
applied field [Fig. 4(e), second column from the left] only
domains oriented in a direction opposite to the background
can be written in the MFM-mode.

In Figs. 4(g)—-4(i), SEMPA images for the out-of-
plane, in-plane, and magnitude of the magnetization from
sample 3 (23.6% Tb) are shown. The in-plane and out-of-
plane magnetization components are nearly equal, demon-
strating that the magnetization points out of the surface at
45°. In the leftmost columns of the magnitude image [Fig.
4(1) ], the magnitude of the magnetization within the writ-
ten domains is less than that in the background, indicating
that these domains are not entirely overwritten. The do-
mains at the right side of the image, written at higher fields,
do not exhibit subdomain formation since they appear to
have the same magnitude of magnetization as the back-
ground.

Finally, the SEMPA images of sample 4 (21.2% Tb)
are given in Figs. 4( j)—4(1). The lack of out-of-plane mag-
netization is evidenced in Fig. 4( j). The entire surface mag-
netization lies in-plane, as shown in Fig. 4(k). Nevertheless,
these in-plane domain structures are similar to the (perpen-
dicular) bulk domain shapes observed with TEM Lorentz.
The structure at the bottom of Figs. 4( j)-4(l) is a topo-
graphic defect which penetrates into the thin film window.
Figure 4(1) illustrates once again that for lower switching
fields (the left four columns in the figure) the magnitude of
the average magnetization within the probe radius is de-
creased, resulting from incomplete switching during the
overwrite process. In this very iron-rich composition, the
domains are only well formed when the switching field
strength is large.

Higher-resolution SEMPA images at the largest applied
fields (300 and 400 Oe) from samples 14, respectively, are
shown in Figs. 6(a)-6(d). All images show the out-of-plane
component of the magnetization except for sample 4 [Fig.
6(d)] which shows the in-plane magnetization. These im-
ages are 7.2 um on a side. The domain boundaries are well
resolved, indicating that the lateral spatial resolution in the
images is about 100 nm. Notice also that the SEMPA images
display high contrast even when the sample is nearly magne-
tically compensated (M, ~0) such as in sample 2 [Fig.
6(b)]. The variation in the written domain width at differ-
ent compositions are due to variations in the intrinsic mag-
netic parameters such as the temperature dependence of the
coercivity and magnetization. The thickness variation of the
protective metallic Al overlayer on different samples also
affects the written domain width.

IV. IN-PLANE MAGNETIZATION AT SURFACES

It is known that the surface segregation and oxidation of
the rare-earth elements in transition-metal rare-earth alloys
produces a variation in the magnetic behavior near the sur-

4715 J. Appl. Phys,, Vol. 68, No. 9, 1 November 1990

7.2 pm

FIG. 6. High magnification SEMPA images, 7.2 um across. (a) M, from
sample 1 (30% Tb), (b) M, from sample 2 (27.2% Tb), (c) M, from
sample 3 (23.6% Tb), and (d) M, from sample 4 (21.2% Tb).

face.”®' Using spin-polarized photoemission on TbFe

films, Aeschlimann er a/.**?' have shown that an in-plane
magnetic layer can be present at the near surface. They show
that segregation and oxidation of the rare-earth Tb results in
a nonmagnetic Tb-Fe-oxide surface layer, which is followed
by an Fe-rich subsurface layer and finally the bulk material
(three-layer model).***' The Fe-rich subsurface layer ex-
hibits a lower perpendicular anisotropy K, and larger satu-
ration magnetization M, than the bulk alloy. This is due to
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the depletion of the rare-earth compensating magnetic mo-
ments. Decreasing the anisotropy K, (normal to the sur-
face) and increasing the saturation magnetization M, both
cause preferentially in-plane oriented magnetization at sur-
faces. We will show that qualitative observations made with
SEMPA are in agreement with this simple model. The Tb
concentration appears to have a direct effect on the orienta-
tion of the surface magnetization. In Fig. 7, a possible repre-
sentation of the surface magnetic structure in TbFeCo alloy
thin films is shown. The diagrams correspond from left to
the right: sample 1 (30% Tb) which has the surface magnet-
ization oriented normal to surface; sample 3 (23.6% Tb)
which has the surface magnetization at 45° to the surface;
and sample 4 (21.2% Tb) which has the surface magnetiza-
tion parallel to the surface. In the case of rare-earth-rich
films, such as sample 1 (30% Tb), no in-plane magnetiza-
tion was observed. This indicates that the in-plane layer, if it
exists at all, must be thinner than the probing depth of
SEMPA for magnetic microstructure observation. For low
Tb concentration films, such as sample 4 (21.2% Tb), no
out-of-plane magnetization was observed. However, this in-
plane subsurface layer is not completely decoupled from the
bulk. The subsurface layer seems to have a preferential easy
in-plane direction. The reason for this (uniaxial) in-plane
anisotropy in these amorphous alloys could be the result of
non-normal evaporation angles during film growth. Never-
theless, the surface domains are similar to the bulk domains
imaged by TEM Lorentz [see Figs. 3(d) and 4(k)]. This
indicates that the subsurface region must be thick enough to
allow a complete 90° rotation of the magnetization from the
perpendicular orientation in the bulk to the in-plane orienta-
tion in the last magnetic layers of the subsurface {see Fig.
7(c)|. Forintermediate alloys such as sample 3, the rotation
is incomplete and hence the measured orientation is neither
perfectly into or out of the plane of the surface as shown in
Figs. 4(g) and 4(h).

We conclude that the migration and oxidation of the
rare earth occurs immediately after film growth or after
sputtering away the protective overlayers of Al and SiO,
because we observe that the surface magnetic properties

Tbsg.oFeg2.5C07.5 Tb23 6Fes7.6Cog.8

stays constant for few days in UHV. This is in full agreement
with spin-polarized photoemission data.?® It should be not-
ed that this fast segregation process may not only be an unde-
sirable effect which occurs on removal of the protective over-
layer. The same process can also occur during the period of
time between finishing the TbFeCo-alloy film evaporation
and starting the deposition of the protective layer. During
this period, the fresh TbFeCo-alloy film is exposed to back-
ground impurities in the preparation chamber, which is nor-
mally operated at a much higher background pressure than
our UHV system (Psgpypa = 5Xx 107 ' Torr).

In Fig. 8, we summarize our results by showing the ori-
entation of the nucleated domains for three different alloys
switched by the indicated external fields. For an externally
applied field H, ,, oriented normal to the film surface, the
subsystem (either transition metal or Tb) which is aligned
parallel to the field depends upon which subnetwork has the
larger magnetic moment for that particular alloy composi-
tion at the writing temperature. In all samples the bulk mag-
netization points along the field direction. Only sample 1
(30% Tb) has the Tb moment aligned with the field, and the
Fe and Co moments aligned antiparallel to the field. As
SEMPA is sensitive primarily to the polarized secondary
electrons originating in the transition metals, we include the
orientation of the surface Fe and Co magnetization for the
various alloy compositions. It is seen that the angle between
the surface magnetization and the film plane decreases as the
bulk Tb concentration decreases.

V. INFLUENCE OF THE MATERIAL PROPERTIES ON
THERMOMAGNETICALLY WRITTEN DOMAINS

The relative independence of the width of the written
domain on the applied (switching) field intensity in our
films indicates that the formation of bits is dominated by
nucleation processes and not by expansion or contraction of
a single domain wall.”* This is substantiated by the observa-
tion that for lower switching field strengths in iron-rich com-
positions, the written domains are not single domain but
rather tiny magnetized regions oriented parallel and antipar-
allel to the field direction. This indicates that many indepen-
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FIG. 7. Schematic cross section through the
MO films. The hollow arrow indicates the direc-
tion of the Tb magnetic moment and the filled
arrow is the direction of the Fe and Co magnetic
moments. The external applied field direction is
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FIG. 8. Directions of the applied field, system, bulk, and surface magnetic
moments for the constituents of the MO alloys as a function of alloy compo-
sition.

dent nucleation sites appear to be active. Therefore, wall
movement as described by Hansen by a “bubble-type” mod-
el'’ was not observed, even in sample 2 (27.2% Tb), where
the compensation temperature is near room temperature.

Among the magnetic parameters which effect the
growth and nucleation of domains, T, plays a special role
because its value drastically effects the temperature depen-
dence of the saturation magnetization M, and the coercive
field H,, as illustrated in Figs. 1 and 2. Tanaka, Tanaka, and
Imamura®® published carrier-to-noise (C/N) studies ob-
tained by the MFM method using different sample composi-
tions. They found that alloys with T, , between room tem-
perature and about 100 °C were suitable for MFM recording
in MO media. Their conclusion is verified by comparing the
TEM Lorentz and SEMPA images of sample 2 (27.2% Tb,
T.omp = 37°C) with the images from the other samples
which have T, outside of Tanaka’s temperature range. At
lower Tb concentrations, i.e., samples 3 (23.6% Tb) and 4
(21.2% Tb), at all but the highest switching field intensities,
the bits tend to break into a fine maze of upward and down-
ward oriented subdomains. For very low switching fields (0
and 80 Oe), we observe no crescent-shaped domains. This
undesirable configuration results from the lowering of the
system demagnetizing energy. As cooling occurs in the ther-
momagnetic writing process, the region of reversed magneti-
zation inside the initial domain wall increases as does the
negative contribution to the demagnetizing field inside the
still hot domain center. If this negative contribution to the
demagnetizing field from the region of reversed magnetiza-
tion, which has just nucleated, is large enough, it will domi-
nate the nucleation field. Thus, it will cause demagnetization
inside the written bit by inversely magnetized subdomain
formation [see, e.g., Fig. 6(d)].%

The regularity of the written domains also depends
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upon the direction of the background magnetization in the
film window. Observation of written bits in the fourth col-
umn from the left in Figs. 4(h) and 4(k) show that subdo-
main formation within each thermomagnetically written do-
main occurs preferentially in those bits aligned with the
background magnetization. This feature can also be very
well seen in the magnitude images in Figs. 4(i) and 4(1). The
magnitude of the magnetization for bits oriented parallel to
the background magnetization is less than that for bits ori-
ented antiparallel to the background magnetization due to
small inversely magnetized subdomain formation (smaller
than the probe radius). This asymmetric switching behavior
can be explained by taking into account the demagnetizing
field arising from the neighboring region of the *‘back-
ground.” The demagnetizing field from the “white” back-
ground points into the plane, and thus a larger switching
field strength is needed to switch the bits from black to white,
than from white to black. A small dc magnetic field oriented
parallel to the background magnetization may help reduce
this effect. Sample 2 (27.2% Tb) has the lowest saturation
field, i.e., that field at which black and white written bits are
completely switched. Since T, is slightly above room
temperature for sample 2, the net magnetization of the un-
heated background is nearly zero and thus the background
causes no asymmetric contribution to the demagnetizing
field within the heated area.

For Tb-rich samples such as sample 1 (30% Tb) with
T,.mp above T, the coercive field rises steeply below the
Curie temperature (Fig. 1), whereas the saturation magneti-
zation rises more slowly (Fig. 2). Therefore, the low demag-
netizing field makes nucleation difficult resulting in dendri-
tic growth around nucleation centers frozen in before
complete switching could occur.” The raggedness of the do-
main walls can be attributed to a local variation of the wall
coercivity.” As the applied field gets higher, the domain
walls become smoother because the local coercivity vari-
ation becomes less important.

The contrast between the domain nucleation process in
the Tb-rich and transition-metal-rich alloys, as evidenced by
the domain images in Figs. 3 and 4, suggest for TbFeCo
alloys that the demagnetizing field is the most important
parameter for domain regularity, in agreement with the con-
clusion of Tanaka ef al.”> We emphasize that the relevant
demagnetizing field is the field at the temperature and region
where nucleation is possible. To achieve good domain regu-
larity for thermomagnetically written bits, the induced de-
magnetizing field should not be too low to make nucleation
difficult, as in sample 1 (30% Tb), and the demagnetizing
field should not be too high to enable reversed subdomain
formation, as in samples 3 (23.5% Tb) and 4 (21.2% Tb).

VI. CONCLUSION

The magnetic microstructure of thin TbFeCo-alloy
magneto-optic films has been investigated with both TEM
Lorentz and SEMPA. SEMPA contrast is dominated by the
3d valence electrons from the transition metals in these ferri-
magnetic alloys. The domain structure observed with these
two techniques is similar even with the extremely complicat-
ed surface magnetic microstructure present in these films. A
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simple model for surface segregation and oxidation of the
rare-earth component of the alloy was sufficient to explain
qualitatively the variation in the observed surface magnetic
microstructure. Nucleation and switching of domains was
found to be dominated by the demagnetizing fields for all but
the highest Tb concentration alloys. The role of the surface
segregation layer on the switching behavior in these materi-
als is a topic for further investigation.

ACKNOWLEDGMENTS

This work was supported in part by the Office of Naval
Research and by the Schweizerische Nationalfonds. We
wish to thank B. A.J. Jacobs and J. H. M. Spruit for their
contributions to the recording experiments, M. Rosenkranz
for preparing the samples, M. H. Kelley for developing the
image processing software, and D. T. Pierce and R. J. Ce-
lotta for stimulating discussions.

'H-P. D. Shieh and M. H. Kryder, Appl. Phys. Lett. 49, 473 (1986).

Y. Suzuki, N. Ohta. M. Takahashi, and S. Yonczawa, Appl. Phys. Lett.
55,315 (1989).

‘M. Hartmann. B. A. J. Jacobs, and J. J. Braat, Philips Tech. Rev. 42, 37
(1985).

*F. Tanaka. S. Tanaka, and S. Suzuki, IEEE Trans. Magn. MAG-23, 2695
(1987).

4718 J. Appl, Phys,, Vol. 68, No. 9, 1 November 1990

’D. Rugar, C. J. Lin, and R. H. Geiss, [EEE Trans. Magn. MAG-23, 2263
(1987).

®C.J. Lin, J. C. Suit, and R. H. Geiss, J. Appl. Phys. 63, 3835 (1988).

'F.J. A. M. Greidanus, B. A. J. Jacobs, J. H. M. Spruit, and S. Klahn,
IEEE Trans. Magn. MAG-25, 3524 (1989).

8J. W. Jacobs and J. F. Verhoeven, J. Microsc. 143, 103 (1986).

%J. Unguris, G. Hembree, R. J. Celotta, and D. T. Pierce, J. Magn. Magn.
Mater. 54-57, 1629 (1986).

°D. R. Penn, Phys. Rev. B 35, 482 (1987).

"'"M. P. Seah and W. A. Dench, Surf. Interf. Anal. 1,2 (1979).

'2P. C. D. Hobbs, D. W. Abraham, and H. K. Wickramanasinghe, Appl.
Phys. Lett. 55, 2357 (1989).

*P. Hansen, J. Appl. Phys. 62, 216 (1987).

'*H. Miyajima, K. Sato, and T. Mizoguchi, J. Appl. Phys. 47,4669 (1976).

'*J. J. M. Ruigrok, F. J. A. M. Greidanus, W. F. Godlieb, and J. H. M.
Spruit, J. Appl. Phys. 63, 3847 (1988).

1®F. J. A. M. Greidanus, B. A. J. Jacobs, F. J. A. den Broeder, J. H. M.
Spruit, and M. Rosenkranz, J. Appl. Phys. 66,4917 (1989).

7M. R. Scheinfein, J. Unguris, M. H. Kelley, D. T. Pierce, and R. J. Ce-
lotta, Rev. Sci. Instrum. 61, 2501 (1990).

'*P. Bernstein and C. Gueugnon, J. Appl. Phys. 55, 1760 (1984).

¥S. Klahn, H. Heitmann, M. Rosenkranz, and H. J. Tolle, J. Phys. (Paris)
Collog. 49, C8-1711 (1989).

2M. Aeschlimann, G. L. Bona, F. Meier, M. Stampanoni, A. Vaterlaus, H.
C. Siegmann, E. E. Marinero, and H. Notarys, IEEE Trans. Magn.
MAG-24, 3180 (1988).

2'M. Aeschlimann, G. L. Bona, F. Meier, M. Stampanoni, A. Vaterlaus,
and H. C. Siegmann, Proceedings of the Symposium on Magnetic Proper-
ties of Amorphous Metals, Benalmadena, Spain, May 1987, p. 70.

2], C. Suits, D. Rugar, and C. J. Lin, J. Appl. Phys. 64, 252 (1988).

'F. Tanaka, S. Tanaka, and N. Imamura, Jpn. J. Appl. Phys. 26, 231
(1987).

*C.J. Lin and D. Rugar, IEEE Trans. Magn. MAG-24, 2311 (1988).

Aeschlimann et al. 4718

Downloaded 06 Sep 2002 to 129.6.97.18. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



